Abstract-Chemical product and process design teaching is facing challenges due to the major changes occurred in the last decades in the chemical industry. The emergence of products as a focus for chemical engineers implies changes in what chemical engineers do. It is important to prepare students for the more diverse, flexible roles they are expected to perform in industry and nowadays it is requisite that chemical engineers participate in the whole process from conception to manufacture. This paper addresses the activity of ideas generation, a very important step in product and process design procedure, and explores the role of concept maps and mind maps along with the discussion of the main features of the methods used to map and structure the ideas. The main goal of this paper is to present the methods within the context of product and process design teaching and learning showing the potentialities of the methods as graphical representations, in the ideas generation step in order to allow free-flowing thoughts. An illustration of the maps performed by chemical and biological engineering master students within the product and process design curricular unit is presented along with the main conclusions. This type of maps is promising in order to allow chemical and biological engineering students gradually lift their skills.
I. INTRODUCTION
In an increasingly dynamic market, the firms' aptitude to continuously identify the needs that the products must fulfil and create products that are able to meet customers' needs is essential in order to ensure business competitiveness.
The Chemical Process industries (CPIs) experienced in recent years a great evolution due to the important social, techno-economic and environmental concerns they faced in a local and global scale and so the requirements associated with the skills and technical knowledge of the chemical engineers also experienced a great evolution. According to Cussler and Wei [1] the world of chemical engineering has changed so radically that engineers have to reinvent themselves in order to ensure continued prosperity.
One of the main changes observed in chemical industry in the last decades concerns its evolution from commodity chemicals where the price is the critical criterion in the purchasing decision to more sophisticated products where the major concerns is around performance and quality [2] .
Actually chemical engineers deal with a wide range of products beyond commodity chemicals, namely specialty chemicals, devices for chemical change and formulated products, this last classically classified to cover a large body of industrial sectors (e.g. paints, cosmetics, inks, pharmaceutical, personal care, household, food). Since many of the chemical products of today and tomorrow do not have much in common with those of twenty years ago, the portfolio of skills and technical knowledge required by chemical engineers has also been changing rapidly [3] .
A major trend in the field of CPIs that is worth to mention is that companies were used originally to develop their identity around chemical concepts whereas today the paradigm has changed with product properties acting as the major criterion of the industrial strategy of business units. It means that CPIs are no longer subdivided according to what chemicals they produce but rather by the enduse properties of their products. The trend in CPIs is to provide the customers not only with a chemical in the strictest sense of the term but also with a product [4] . The emergence of products as a focus for chemical engineers implies changes in what chemical engineers do. Individual substances are no longer able to meet the ever-increasing demands of customers and so chemical engineers are required to develop tailored products to meet customers' expectations, the so-called end use properties.
This increased demand for product differentiation and customization is accompanied by the time to market pressure and the need for rapid product design and so companies must look for more efficient ways to integrate consumer's input into the product and process design procedure.
It is essential that chemical engineers be involved in teams of marketers, synthetic chemists and operations engineers among others in the joint effort of product and process design and participate in the whole process from conception to manufacture [1, 5] . It is important to prepare students for the more diverse, flexible roles they are now expected to perform in industry, and so it is requisite that nowadays chemical engineers are involved in all of the main steps of the product design procedure (Fig. 1) .
The very first step towards the production of a product is defining the product. In doing this customer needs and expectations need to be captured (e.g. the expectation that the product would last longer, be more environmental friendly, combines several attributes, among others). Based on customer needs and benchmarking the customer needs are translated into target specifications that repre- PAPER  CONCEPT MAPPING AND MIND MAPPING TO LIFT THE THINKING SKILLS OF CHEMICAL ENGINEERING STUDENTS   sent the hopes and aspirations of the team, and are established before the team knows what constraints the product  technology will place on what can be achieved. The second step is the generation of ideas which objective consists in generating many different ideas or different product concepts with divergent thinking techniques leading to the creation of a flow of ideas without thinking how good or bad they are. The selection of ideas is the third step and seeks to thin down the idea set into a very small set of ideas, maybe one that will be taken forward for further development. The divergent thinking of step two is followed by convergent thinking in which the team selects the ideas deciding what to keep and how to proceed. Finally, in the last step the team decides how the product will be manufactured and the final specifications will be reached. This is a major simplification of the chemical product design procedure consisting in a framework of tools whose aim is to provide faster and efficient design of innovative chemical products able to meet or even exceed customers´ expectations.
In order to gain competitiveness in the 21th century it is of utmost importance to cultivate skilled chemical engineers able to create and be taught to become innovative problem solvers.
It is important to provide chemical engineering students with methods and background to improve the output of their creative thinking in their profession. This paper addresses the activity of ideas generation, a very important step in product/process design procedure emphasizing the relevance of concept maps and mind maps to provide chemical engineering students the background to improve the creativity in the day-to-day work of a chemical engineer.
The paper is organized in five sections. Section II explores the role of creative thinking in education highlighting the relevance that creativity plays in the idea generation step of product design procedure. Section III presents two ideas mapping methods along with the different fields of study where the methods were developed along with the main characteristics of each method. Section IV presents an illustration of concept mapping and mind mapping produced by chemical engineering students. The case refers to the idea generation step. Finally section V presents the conclusions highlighting the potentialities of the maps in lifting the thinking skills of the chemical engineering students.
II. THE ROLE OF CREATIVE THINKING IN EDUCATION
Chemical product and process design is by no means of dough a creative exercise. The chemical engineer along with the development team must create new products using the tools he/she have been taught. Nevertheless, engineering students usually do not see their engineering training as requiring much creativity particularly in their first few years of college [6] .
The special approaches to the development of creative thinking have never been known to achieve miracles but lifting the students' problem solving skills by a small amount can have an incalculable effect on innovation and competitiveness [7] . Creativity is one of the major education reforms in the world nowadays. All advanced countries pay more attention on the inspiration of student' creative thinking ability [8, 9] .
There are many signs evidencing the growing strengths of the global economy particularly in Asia. The creativity plays its role in the development of Asian countries as we can see for instance that in Japan the National Council on Education Reform (NCER) has outlined the development of creativity as the most important objective of education for the 21th century [10] . Also, China has made rapid advances in areas such as education in the last years and creativity has become a priority since 2001 [11] .
The use of creativity during the design should be considered as an integral part of the chemical product design [12] . However in the process of creative thinking the most important step is the idea generation indicating that creativity is an indispensable element. Creativity can be developed and stimulated through training and learning activities and creative thinking teaching practices can promote students' learning motivation and cultivate their thinking ability. Students need to understand that creative products are seldom produced without intent and effort and so multiple techniques are used to stimulate divergent thinking and to induce creativity [13, 14] . Divergent thinking typically occurs in a spontaneous, free-flowing manner, such that many ideas are generated. One idea might lead to another idea without formal logic interfering and so many possible product or process concepts can be exploited in a short amount of time. Nevertheless, this does not mean that divergent thinking is synonymous with creativity or creative thinking. Certainly, as the type of thinking responsible for new ideas, divergent thinking is a necessary component of creativity. After all, a person must have novel ideas before develop a new product or a new solution to a problem. When the development of a novel idea is a person's goal, divergent thinking and creativity probably can be considered equivalent [15] . There is considerable evidence of various kinds to support the alleged relevance of divergent production for successful creative thinking [16, 17] .
Most of the chemical engineering students are not natural creative thinkers, as most of us, and so some idea generation methods are required to change the usual thinking process and to stimulate creative thinking. Idea generation methods may be classified broadly into two categories intuitive and directed [18] . The intuitive methods intent to remove barriers to divergent thinking so that new connections and features in a product may be visualized. By removing these barriers, the environment of idea generation may be filled with conditions that promote creativity. Some methods of generating concepts are traditional PAPER CONCEPT MAPPING AND MIND MAPPING TO LIFT THE THINKING SKILLS OF CHEMICAL ENGINEERING STUDENTS brainstorming, brain writing, or some sequential methods like storyboarding or affinity method among others. The divergent thinking is an important facet of the creative thinking process. The creative process does not directly lead us to the best idea but encourages a variety of new ideas, new product concepts, and in the intuitive process of idea generation an idea is followed in several directions to lead to one or more new ideas, which in turn lead to still more ideas.
It is important to map the ideas, in order to organize and structure them and visual mapping allows complementing and enhancing the divergent thinking techniques as for example the visualization of the relationships among the brainstormed ideas. There are some mapping methods that might be of interest in chemical product and process design to be used as an effective visual documentation of concepts generated by the team members, which are responsible to the development of the target product. There are different types of mapping methods offering different frameworks for organizing the ideas and providing insight into the generated concepts. Maps are valuable learning tools helping to spread existing ideas, and to formulate new ones.
III. ORIGIN AND CONSTRUCTION OF CONCEPT MAPS AND MIND MAPS
An idea map is a visual representation of the ideas and their interconnections. The mapping of the ideas is a form of structuring and can be very useful for the product development team in order to better frame their ideas.
The ideas mapping offer a framework for the team to organize their ideas and also provide a better perception of the generated ideas allowing the construction of a shared mental model promoting the team learning behavior and leading to increased effectiveness [19] .
The maps can have a powerful role in promoting group learning because they capture the groups' thinking efficiently and inclusively providing the team with a valuable insight of the generated ideas. The visualization is an important issue in the creative phase of design where ideas are explored by means of visual representation.
The methods illustrated in this paper are concept mapping and mind mapping and so it is important to understand the different fields of study where the methods were developed.
The concept mapping was mainly developed by Joseph Novak in the field of education and inspired by the work of the cognitive psychologist David Ausubel who first introduced his Assimilation Learning Theory in the 1960s [20] . According to Ausubel, the most important single factor influencing learning is what the learner already knows. Ausubel compares meaningful learning to rote learning, which refers to when a student simply memorizes information without relating that information to previously learned knowledge. As a result, new information was easily forgotten and not readily applied to problemsolving situations because it was not connected with concepts already learned. Ausubel believed that knowledge structures are organized hierarchically with more inclusive and general ideas comprising concepts that are more detailed. Concept mapping represents knowledge structures as hierarchies The meaning of each of the concepts could be defined on the basis of its relationships with other concepts. Thus concept mapping supports learners to activate meaningful learning processes by explicitly relating new information to what they already know. Doing so learners could modify or change completely the meaning of particular concepts.
Novak developed the concept mapping method and his research was mainly focused on educational studies, knowledge creation, and knowledge representation. He has developed a theory of education to guide research and instruction, first published in 1977 [21] . There are several studies concerning the use of concept maps mostly as graphical organizer and evaluation technique in teaching and also as learning aid to students organize their structural knowledge [22] [23] [24] . There are some examples in engineering disciplines such as mechanical, chemical, computer and electrical engineering where the concept maps were used as a learning tool [25] [26] [27] .
The mind mapping method was popularized primarily by the British psychology author Tony Buzan in a BBC series hosted by Buzan and called "Use your head" [28] . Mind maps have a long history, dating back to the third century. Early thinkers and philosophers used graphic designs to diagram various concepts, words and ideas that related to a central thought. Mind maps are a visual method for recording thoughts and related ideas graphically. Buzan was inspired in the work of Korzybski general semantics and this lead to further studying psychology, neuropathology of the brain, semantics, neuro linguistics, and creative thinking [29] . Buzan uses popular assumptions about the cerebral hemispheres in order to promote the use of mind mapping over other forms of note making.
Buzan and Buzan [29] found that standard note taking is poor and does not take into consideration other tools that our mind makes available such as, visual pattern, color and image for example.
Mind mapping has been introduced as an explicit model of the associative way the human mind organizes information. The method has four main characteristics: the issue under evaluation is the central topic, main themes of the issue radiate from the central topic as branches, branches comprise a key image or key word printed on an associated line and topics of lesser importance are also represented as branches attached to higher level branches. The mind maps are based on radial hierarchies denoting relationships with the main central issue.
A. Concept mapping
The construction and use of concepts maps have been developed at Cornell University and worldwide use of this maps reported increasingly in the literature since the publication of "Learning how to learn" by Novak and Gowin [24] and also [30, 31] . A concept map is a graphical tool for organizing and representing knowledge. It includes "concepts" usually enclosed in circles or boxes of some type and relationships between concepts indicated by a connecting line linking two "concepts". The words on the line specify the relationship between two concepts and are referred to as linking words or linking phrases [32] . A concept is a label given to "an idea of a class of things" often but not necessary expressed by a single word. The linking words on the lines connecting concepts are important in order to form explicit propositional statements and so the relationships between concepts are known as "propositions". The concept map is hierarchical with the broadest, most comprehensive statements at the top of the hierarchy and the more specific statements at lower levels.
PAPER CONCEPT MAPPING AND MIND MAPPING TO LIFT THE THINKING SKILLS OF CHEMICAL ENGINEERING STUDENTS
A concept can be related to other concepts by multiple links. In order to create a concept map to generate and structure the ideas the development team can follow some steps:
1. Identify the general/broad idea. 2. Brainstorm on the general idea and list all the concepts and themes related to the topic. Keep the concepts as concise as possible. It can be helpful to write the concept labels on separate cards or small pieces of paper or post-its so that they can be moved around. 3. Identify the hierarchy of the concepts in the list from the broadest more general concept to the most specific. 4. Connect the concepts by lines. Label the lines with action or linking words. The linking words should define the relationship between the two concepts so that it reads as a true statement, or proposition. The connection creates meaning. When you can hold together a large number of related ideas, you can see the structure of meaning for a given subject area. 5. Construct the preliminary concept map. 6. Review the map and look for cross-links, links between the different domains of the map.
B. Mind mapping
A mind map consists of an imaginative way of register ideas and is an effective method of notes taking and useful in the generation of ideas by association [28, 33] . The author argued that the normal linear methods of taking notes and recording ideas do not make efficient use of the brain and so he developed the mind map which is a dynamic way to record information. The mind map consists of a main idea summarized as a central image, word or phrase. From the central idea radiate the main themes of the subject as branches. The branches comprise of a keyword, image or topic presented on an associated line and they divide out into further higher-level sub branches. The branches usually diminish size and thickness meaning that they are thick at the center and finer towards the periphery. The small number of inner branches radiate out to a much larger number of outer branches. To aid the process of memory and recall, the mind map makes use of visual images where ever appropriate [29] which are helpful to illustrate different themes and topics. In addition, some different colors are used in order to differentiate areas of the mind map and help to divide different categories. The map represents the mental model of the team and it will represent the ideas of the group helping to create a big picture of everything the group wants to include. The mind map highlights the use of artistic and textual prompts to help with the organization of the ideas produced by the group. The main steps to follow in order to create a mind map are:
1. Start in the center of a blank page with a main idea to give freedom to spread in all directions in a free and natural way. 2. Use words, images or pictures for the central idea. A central image is however, more interesting and gives the brain more buzz. 3. Use colors in order to excite the brain because colors add extra vibrancy and life to the mind map and adds energy to the creative thinking process. 4. Connect the main branches to the central idea and connect the second and third level branches to the first and second levels. This procedure is useful because the brain works by association, linking things together. Connecting the branches helps to better understand and remember in an easiest way. 5. Make the branches curved in order to give the mind map more flexibility and use images throughout where considered appropriated.
IV. AN ILLUSTRATION OF CONCEPT MAPPING AND MIND MAPPING IN CHEMICAL PRODUCT AND PROCESS DESIGN TEACHING
Product and process design (PPD) is a curricular unit of the second semester of the chemical and biological engineering master course at ISEL a Portuguese engineering school in the Lisbon metropolitan area. Chemical product and process design is by no means of dough a creative exercise because the chemical engineer along with the development team must create new products using the tools he/she have been taught. Nevertheless, while teaching PPD we noticed that chemical engineering students do not see their engineering training as requiring much creativity and they experience some difficulties concerning product concept generation.
Due to their simplicity and flexibility we found interesting to teach the students how to use and explore some mapping methods as for example concept maps and mind maps. We felt that these maps had the potential to disclose students´ thinking about a topic of interest and to reveal connections and inter relationships between the topics, being useful to stimulate the students' in order to generate and produce ideas through brainstorming, visualization and association of relationships, capturing the groups' thinking about a topic.
A. An application of concept maps and mind maps in chemical product and process design teaching
A problem was presented to the students to encourage the use of concept maps and mind maps. The problem considers the generation of ideas in order to improve a dry cleaning process.
When a garment has a "not for machine wash!" it has to be clean by a dry cleaning procedure. The dry cleaning is a process for textiles using a chemical solvent other than water. The most common solvent used is tetrachloroethylene usually identified in industry as "perc" from perchloroethylene. The process is used to clean delicate fabrics that cannot withstand the rough and tumble of a washing machine. This type of cleaning method produces hazardous waste, create air pollution and can lead to water and soil contamination.
This problem was given to chemical engineering students attending product and process design classes. in order to help the students to develop creative thinking skills and learn by an active learning process how to generate ideas and also how to map the generated ideas.
In order to understand the "dry cleaning process" the students built a concept map through the organization of knowledge. A characteristic of the concept map presented in Fig. 2 is that the concepts are represented in a hierarchical fashion with the most inclusive, most general concepts at the top of the map and the more specific less general concepts arranged hierarchically below. Figure 2 . A sample of a concept map for a dry cleaning process
PAPER CONCEPT MAPPING AND MIND MAPPING TO LIFT THE THINKING SKILLS OF CHEMICAL ENGINEERING STUDENTS
The hierarchical structure for a particular domain of knowledge depends on the context in which that knowledge is being applied or considered [32] . For example a concept map about the water cycle could be cyclic, while there is a still conceptual hierarchy of precedence or cause and effect in the concept map. Neither does it mean that concept maps need to have only one "root" concept. Yet, when learning to build concept maps, keeping the concept maps hierarchal with a single root makes it easier for the learner to grasp how concept maps are constructed [32] .
A concept map of the "dry cleaning process" is a visual mode of presenting information making it easily comprehensible in a short time. The concept map allowed for a quick understanding of the process because of its conciseness and highlighting of key points. The map helped the group to understand the hierarchy and to understand how each component relates to the others. The map is read from the top down, beginning with the most general information and progressing to smaller detail. The map was useful for example to help to illustrate the group knowledge about the dry cleaning process reinforcing what the group already knew about the process and better understand and came out with ideas about what to be done to improve the dry cleaning process.
The use of concept mapping shows promise as a learning activity involving the students understanding of the concepts and the relationship among those concepts leading to higher order thinking [34] .
In order to identify some ideas meant to improve the dry cleaning process the group started with the main topic and then in a freeway spread in several different directions. The mind map is presented in Fig. 3 with the main topic "improve dry cleaning process" as central topic. From this topic radiate the main ideas generated by the students as branches, divided into further higher level sub branches with increasing specificity. The students could experience that the representation promotes creativity and that one idea lead to another in a spontaneous free flowing manner.
There are some advantages of using mind maps to record the ideas and the information. If we compare mind mapping with linear methods of taking notes and record ideas, namely listing the ideas down the page, we can observe several advantages in using the mind mapping Figure 3 . A sample of a mind map for a dry cleaning process method. First mind maps allow adding new ideas in any direction and so it is a graphically useful form of brainstorming [28, 29] . In addition, the map represents the way in which the brain works, and so it is possible to reach the mental model of the group allowing a large number of ideas to be compressed into a single page. The map is created in an organic and flexible way in which links can be created between all items and also the incorporation of colour and visual images will help the memorization process. Mind mapping allows for greater creativity when recording ideas and information and can be considered as a kind of divergent thinking [8] .
The procedure for creating concept maps and mind maps can be applied in a traditional pen-and paper way or using a specific software tool. In this illustration the students built the maps as a first approach in a traditional pen and paper after a group post-it session. The students built and explained the maps in a three hour session.
V. CONCLUSIONS
Encourage creativity in chemical engineering curriculum address several concerns. First of all the design of large scale continuous plant is no longer what most engineers do and so an expanded design experience should prepare students for the more diverse and flexible roles they are now expected to perform in industry. Chemical product and process design is by no means of doubt a creative exercise and encouraging creativity allows to deal with ambiguous problems and help in the faster chemical product and process design resulting from time to market pressure always accompanied by an increasing demand for product differentiation.
Through the example concerning an illustrative case presented to chemical engineering students of product and process design course it was found that the use of maps is very helpful in order to change the usual thinking process and to stimulate creative thinking.
The visual representation is very helpful for generating ideas as well as graphically organizing and summarizing students' thoughts. These kinds of maps are very helpful to make students gradually build their thinking skills.
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Chemical engineering students are not used to be trained on idea generation methods but this type of methods are useful to stimulate creative thinking. Educational practices should give attention to creative problem solving skills. The teacher´s role should be to stimulate and guide providing a favorable climate and the necessary tools. The student should discover what he learns, he should not just wait for the teacher to tell him/her the information [7] .
When comparing the methods we can conclude that both methods, mind mapping and concept mapping, help to organize the existing knowledge and ideas. The mind map is very helpful in accelerating learning and the ability to remember and recall the information by surrounding the central idea by a radiant network of associated ideas. We start from a generic idea at the center, through an increased specificity at the outer extremes. By presenting the ideas with different colors and with visual stimulus, we help to trigger learning and understanding. The mind map is not inherently goal structured and so it is not action oriented but it helps to identify the factors associated with a topic but not necessarily focusing on outcomes. The concept map offers more flexibility in terms of expressing relationships between concepts. The concepts are presented as structures with one general broad idea at the top to the more specific at the bottom of the hierarchy, facilitating creative thinking [35] . In concept maps links are usually used to express any forms of relationships between concepts, identified by the group map builder.
It is worth to say that both methods are useful and both have benefits in order to stimulate the creative thinking. Using both methods in teaching is advantageous and provides benefits that go behind the use of each method alone. The students could see by active learning the potentialities of the mapping methods, and how helpful a graphical representation can be in the ideas generation step.
To conclude we believe that this type of maps are very useful to assist Chemical product design process raising the integration of teaching and learning chemical product and process design. The main objective will be to promote the development of thinking skills in future engineers to create new products through product and process design innovation and to improve existing products and processes efficiency.
